Low level laser (or light) therapy (LLLT) has been clinically applied for many indications in medicine that require the following processes: protection from cell and tissue death, stimulation of healing and repair of injuries, and reduction of pain, swelling and inflammation. One area that is attracting growing interest is the use of transcranial LLLT to treat stroke and traumatic brain injury (TBI). The fact that near-infrared light can penetrate into the brain would allow non-invasive treatment to be carried out with a low likelihood of treatment-related adverse events. LLLT may have beneficial effects in the acute treatment of brain damage injury by increasing respiration in the mitochondria, causing activation of transcription factors, reducing key inflammatory mediators, and inhibiting apoptosis. We tested LLLT in a mouse model of TBI produced by a controlled weight drop onto the skull. Mice received a single treatment with 660-nm, 810-nm or 980-nm laser (36 J/cm 2 ) four hours post-injury and were followed up by neurological performance testing for 4 weeks. Mice with moderate to severe TBI treated with 660-nm and 810-nm laser had a significant improvement in neurological score over the course of the follow-up and histological examination of the brains at sacrifice revealed less lesion area compared to untreated controls. Further studies are underway.
Introduction
Severe and moderate traumatic brain injury (TBI), accidental or inflicted, is a major health and socio-economic problem throughout the world. In the United States alone, approximately 2 million injuries occur each year resulting in 56,000 deaths and 18,000 survivors suffering from permanent neurological impairment [1, 2, 3] . The consequent direct and indirect annual costs in the United States are estimated at $56 billion [4] . The World Health Organization (WHO) has projected that by 2020, road traffic accidents, a major cause of TBI, will rank third as a cause of the global burden of disease and disablement, behind only ischemic heart disease and unipolar major depression [1] . Although this has led the WHO to set a priority for prevention of head injuries, the incidence of head injuries continues to increase across the world. Efforts to improve treatment and outcome must therefore remain the priority for clinicians and researchers.
The pathophysiology of TBI is very complex and still poorly understood. Immediately following the primary impact, activation of several different pathways begins, resulting in secondary brain injury. These include inflammation, oxidative stress, ionic imbalance, increased vascular permeability, mitochondrial dysfunction, and excitotoxic damage [6, 7] . These processes result in brain edema, increased intracranial pressure (ICP), and impaired cerebral perfusion [2] . This combination of cellular and physiologic disturbances causes increased neuronal cell death; enlargement of infarct size; and neurological, motor, and cognitive impairment. Since there are no approved specific pharmacological agents that block the progression of the secondary injury, the current management of TBI is mainly supportive and aims at treating brain edema, reducing ICP, and combating complications such as hypoxia and shock [3] . Despite promising preclinical data, most of the trials that have been performed in recent years have failed to demonstrate any significant improvement in outcome [10] .
Low level laser (or light) therapy (LLLT) has been clinically applied for many indications in medicine that require the following processes: protection from cell and tissue death, stimulation of healing and repair of injuries, and reduction of pain, swelling and inflammation [4, 5] . One area that is attracting growing interest is the use of LLLT to treat stroke, traumatic brain injury, neurodegenerative diseases and spinal cord injuries [6] . The notable lack of any effective drug-based therapies for most of these diseases has motivated researchers to consider the use of light as a real approach to mitigating what is considered to be a group of serious diseases. The fact that near-infrared light can penetrate into the brain and spinal cord could allow non-invasive treatment to be carried out with a low likelihood of treatment-related adverse events. Although in the past it was generally accepted that the central nervous system could not repair itself, recent discoveries in the area of neuronal stem cells have brought this dogma into question [7] . LLLT may have beneficial effects in the acute treatment of brain damage by improving mitochondrial function, by reducing the excitotoxicity consequent upon glutamate release, inhibiting neuronal apoptosis and upregulating several protective factors (Figure 1 ). In this study the effects LLLT mediated by different wavelengths of light were tested in a mouse model of closed head injury and by measuring the neurobehavioral and histological outcome of the traumatized mice. 
Materials and methods

Animal
Adult male BALB/c mice (weight 20 to 25 g; Charles River Laboratories, Wilmington, MA) were used in the study. The animals were housed at one mouse per cage and were maintained on a 12-h light-12-h dark cycle with access to food and water ad libitem. All animal procedures were approved by the Subcommittee on Research Animal Care of the Massachusetts General Hospital and met the guidelines of the National Institutes of Health.
Traumatic Brain Injury Model
Closed head injury (CHI) was induced under isoflurane anesthesia using a weight drop device. The weight drop apparatus includes a vertical 15 cm long plastic tube (diameter 32 mm) with a 69 g weight (diameter 25 mm) dropped through the upper end of the tube. Briefly, following anesthesia, a midline longitudinal incision was performed and the skull was exposed. A Teflon-tipped cone (3 mm diameter) was placed 1 mm lateral to the midline in the mid-coronal plane. The head was manually held in place and a 69 g weight was dropped on the cone from a height that was adjusted to yield a trauma that could be categorized as moderate to severe [Neurological Severity Score (NSS) 6-8] to the left hemisphere. After brain trauma, the skin was sutured. Mice with depressed skull fracture or visible hemorrhage were excluded from the study. The severity of the trauma was confirmed 1 h later by assessing the NSS scores. After recovery from anesthesia, the mice were returned to their cages with postoperative care and ad libitem access to food and water.
Neuobehavioral Evaluation
The neurological status of the traumatized mice was evaluated at different time intervals after CHI according to a neurological severity score (NSS). The neurological tests are based on the ability of the mice to perform 10 different tasks ( Table 1 ) that evaluate the motor ability, balancing, and alertness of the mouse. One point is given for failing to perform each of the tasks; thus, a normal, uninjured mouse scores 0. The severity of injury is defined by the initial NSS, evaluated 1 h post-CHI, and is a reliable predictor of the late outcome. Thus, fatal or near-fatal injury is defined in mice having an NSS of 9-10; severe injury in mice with an NSS of 7-8; moderate injury with NSS of 5-6, and mild injury in mice with an NSS of <5. 
Laser Treatment Design
All mice were subjected to CHI and assessment of neurological score (NSS) was performed 1 h post-injury. The NSS scores of the mice ranged from 6 to 8, indicating a moderate-severe trauma.
The mice were then divided into three groups of eight mice per group, so that the means NSS in each group were similar, to ensure similar average severity of injury in all groups. One group of mice received a single treatment with 670-nm laser (36 J/cm 2 ) four hours post-injury, and the second group received a single treatment with 810-nm laser (36 J/cm 2 ) four hours post-injury while the third group, serving as a sham-operated control, underwent the same procedures as the laser-treated group, but did not receive actual laser irradiation.
In the laser-treatment group, after the mice were fixed on a plastic plate, the distal tip of the fiber optic of the laser was set to deliver a power density of 150 mW/cm 2 to the whole brain and the duration of laser irradiation was 4 min (energy density of 36 J/cm 2 ).
Histology and Lesion size
At the end of the 4-week follow-up period, mice were anesthetized and perfused transcardially with 10% phosphate-buffered formalin. And then the brains were removed and fixed in the same formaldehyde solution for 3 days. 2-mm-thick cross-sections were taken from the trauma region of the brain. The 2-mm-thick brain slices were processed in an automated tissue processor and embedded in paraffin. Five-micron-thick coronal sections were prepared from each 2-mm-thick brain slice block. Three random sections from each brain slice were stained with hematoxylin and eosin, and the lesion area in each section was calculated by Image-Pro Plus 6.0 soft ware. The whole brain area and the area occupied by brain tissue were calculated separately in each histological section. Lesion size (in percentage) was expressed as whole brain area minus area occupied by brain tissue divided by the whole brain area.
Statistical analysis
Data are presented as mean ± SD. Data were analyzed using one-way analysis of variance (ANOVA) followed by Student t-test. Significance was defined as p < 0.05.SPSS statistics V17.0 software was used for statistical analyses.
Results
Neurobehavioral evaluation after 665-nm laser
The neurobehavior evaluated by neurological severity score in control and the 670-nm laser (36 J/cm 2 ) 4h post injury treatment group are shown in (Fig. 1) . The results show an overall decrease in the neurological score in control as well as the 670-nm laser treatment group after 24h. At all the time point after 24h post injury the neurological severity score showed a significant (p < 0.05) difference in the treatment group and the control group. The neurological severity score decreased to 21% in the 670-nm laser (36 J/cm 2) treatment group on the 9 days after treatment with 52% retention of the score in the control group. After 28 days the neurological severity score in the treatment group decreased to 11% as compared to 28% in the control group. Thus the decrease in % neurological severity score was significantly low in 666 nm laser treated group at all time point as compared to the control group. 
Neurobehavioral evaluation after 810-nm laser
The neurological severity score in control and the 810-nm laser (36 J/cm 2 ) 4h post injury treatment group are shown in (Fig. 2) . The graph shows an overall decrease in the neurological score in control as well as the 810-nm laser treatment group after 24h. At all the time point after 24h post injury neurological severity score showed a significant difference (p < .05) in the treatment group and the control group . This neurological severity score was 32% decreased in the 810-nm laser (36 J/cm 2 ) treatment group on the 9 days after treatment with only 52% decrease in the control group. After 28 days the neurological severity score in the treatment group decreased to 5% as compared to 28% in the control group. Thus the decrease in the % neurological severity score in the 810 nm laser treatment group was lower as with the control group at all time point. 
Neurobehavioral evaluation after 980 nm laser
The neurological severity score in control and the 980-nm laser (36 J/cm 2 ) 4h post injury treatment group are shown in (Fig. 2) . The graph shows an overall decrease in the neurological score in control as well as the 980-nm laser treatment group after 24h. At all the time point after 24h post injury neurological severity score showed a no significant (p > 0.05) difference in of the treatment and the control group. The % decrease in the neurological severity score in the treatment group and the control group was 50% and 52 % respectively 9 days post after induction of brain trauma. After 28 days the score reached to 31% and 28% in the treated and the control groups respectively. Thus there was no significant difference in the neurological severity score between the two groups at all time points. 
Histology and lesion size
The histological studies with the brain cross-sections removed 28 days post TBI of the control and the treated groups are shown in Figures 6 and 7 . There was a significant difference in the lesion size between the control group and both of the two laser-treated groups (p<0.05) and no significant difference between the two (670nm, 810nm) lasertreated groups (p>0.05). The lesion size in the histological sections measured with ImageJ software shows (Fig.7) that the lesion size in the control group was 12 area units, while the laser treated group 670-nm and 810nm showed a reduced lesion size which was 6 and 5 area units respectively. 
Discussion
This study has shown that both red laser (665-nm) and NIR laser (810-nm) can significantly and dramatically improve the neurobehavioral performance of mice after CCI TBI. NIR laser at 980-nm however did not produce the same positive effects. The principal tissue chromophore that is proposed to be responsible for photobiomodulation effects is cytochrome c oxidase (CCO). CCO has distinct absorption bands in the red (around 665-nm) and in the NIR (around 810-nm) [8] . At 980-nm however there is a notable absorption band of water (more than 10 times higher than absorption of water at 810-nm) and therefore 980-nm photons are more likely to produce tissue heating rather than the photochemical effects consequent upon absorption by CCO. Studies from Wong-Riley et al [9] indicated that 670-nm and 810-nm light has positive effects in protectingvisual cortical neurons from cytotoxicity mediated by potassium cyanide.
LLLT is increasingly being used for tissue preservation and functional stimulation at the cellular level, after various forms of injury. Stimulated wound healing, reduction of edema and inflammation, pain relief, and prevention of tissue loss are the main applications. During LLLT, absorption of red or near-infrared photons by cytochrome c oxidase in the mitochondrial respiratory chain causes an increase in cellular respiration that continues for much longer than the light is present when delivered at appropriate fluence and exposure durations [10] . Primary cellular effects include increases in mitochondrial activity and ATP levels, production of low levels of reactive oxygen species, induction of transcription factors (including the pro-survival NF-kB), and inhibition of apoptosis [11] .
Secondary injuries after TBI are attributable to spreading cellular damage that can grow to encompass a much greater area of the brain than was originally damaged and results from excitotoxic cell death after glutamate release and sequelae of inflammation. Secondary injury cascades can affect neurological function unrelated to specific tissue damage. Glutamate depolarizes neurons that suffer a huge influx of sodium and calcium but could survive if they had sufficient ATP to power the Na+/K+-ATPase pumps. ATP is increased several-fold by LLLT and can prevent excitotoxicity. LLLT modulates many biological and disease processes increasing fibroblast migration, proliferation and differentiation, angiogenesis and healing in ischemic heart and skeletal muscles, tendons, bones. In methanol-induced retinal toxicity, LLLT prevented death of retinal neurons. LLLT can affect both nitric oxide synthase activity and upregulation of TGF-ß1 simultaneously. There are reports of beneficial effects of LLLT on functional recovery of injured peripheral nerves and also of central neurons in spinal cord.
LLLT has been used to significantly improve recovery in human stroke patients, following only one transcranial near infrared (NIR, 808 nm) laser treatment at ~18 hours after stroke [12] . A recent study in mice indicates that LLLT can reduce histopathology after closed head contusion TBI [13] , and another study suggests that LLLT can improve learning and memory in middle-aged mice [14] , suggesting that LLLT might also ameliorate learning and memory deficits associated with TBI even if applied long after the injury.
Many further questions are raised by our results. Are the laser parameters used in our study optimal? What is the optimum time after injury for laser application? Does repeated laser treatment give any additional benefit over the single treatment used in our study? Nevertheless, given the total lack of adverse effects of LLLT, transcranial laser is an extremely promising therapy for brain injury in humans.
